Abstract The tectonic source for widespread volcanism in northeast China has not been completely understood. We develop a 3-D SH velocity model in NE China that provides new constraints to the origin of the volcanism. The 3-D model is constructed from fundamental mode Love waves at the periods of 20-125 s recorded at 269 broadband seismic stations. The Changbai Mountain is characterized by a significant low velocity in the lower crust and uppermost mantle, which probably results from mantle upwelling due to the subduction of the Pacific plate. A fast and thin mantle lid of~75 km is present beneath the Songliao Basin, indicating lithosphere extension from back-arc rifting. The slow velocity in the middle and fast velocities in the south and north at 75-115 km depths in the Songliao Basin suggest complex mantle flow with upwelling and downwelling. Unlike the other volcanic fields (Changbaishan volcano, Jingpohu volcano, and Abaga volcano), the Halaha volcano has high velocity in the lower crust and upper mantle, implying a limited melt supply from mantle source recently. The subduction-induced upwelling leads to complicated small-scale mantle convection, which is responsible for the intraplate magmatism in northeast China.
Introduction
Late Mesozoic and Cenozoic intraplate volcanic and plutonic rocks are widespread in northeastern China that is bounded by the Sino-Korean craton to the south and the Pacific plate to the east (Figure 1 ). Intraplate magmatism occurring in different settings has been attributed to a number of different mechanisms, such as deep mantle plumes, continental rifting, lithospheric thinning, and so on [e.g., Tatsumi et al., 1990; Wolfe et al., 1997; Ritter et al., 2001] . Many geological, petrological, and chronological studies have been conducted to investigate the cause of this intense magmatism and its implications for the tectonic evolution of this region. Several previous studies have suggested that the volcanism occurred in northeastern China is associated with the subduction of the Paleo-Pacific plate [Jiang and Quan, 1988; Kuritani et al., 2009; Zhang et al., 2010 Zhang et al., , 2011 . However, Fan et al. [2003] and Wang et al. [2006] argued that the subduction and slab-delamination of the Mongol-Okhotsk Ocean plate are responsible for the magmatism. Liu et al. [2001] suggested that the Cenozoic magmatic events are closely related to the tectonic and magmatic evolution in north China and the development of the Japan Sea back-arc basin. The model of mantle plume [Ge et al., 1999] is also proposed for the evolution of igneous activities. Most of these models are based on the petrological and geochemical observations, and there is no consensus on the origin of volcanic rocks in northeast China. The lack of knowledge about deep structure with high resolution makes it difficult to distinguish them.
Geophysical observations can provide the information about the structure at depth. The structure of crust and upper mantle in northeast China has been constrained by numerous seismic studies. P and S wave tomographic models reveal a stagnant slab in the mantle transition zone beneath northeast China [Huang and Zhao, 2006; Zhao et al., 2009; Li et al., 2006; Tang et al., 2014] . Some studies suggested that regional intraplate volcanism probably resulted from the upwelling of hydrated mantle from the top of stagnant slab [Huang and Zhao, 2006; Zhao et al., 2009; Li et al., 2006] . However, Tang et al. [2014] proposed that mantle upwelling through a gap in the subducted Pacific slab is responsible for the Changbaishan volcano. Based on Rayleigh wave tomography results, Guo et al. [2016] suggested that asthenospheric upwelling from smallscale mantle convection is the main source for the volcanoes in the Xing'an-Mongolia orogenic belt. The inconsistency of these interpretations can be attributed to the complex structure of the area and the different model resolutions from different data sets. More constraints on the structure of the crust and mantle are necessary to discriminate these models. Love wave can provide independent information about the Earth's structure but has not been fully used in previous studies. Only phase velocities at short periods (8-30 s) were FU ET AL.
V SH STRUCTURE OF NORTHEAST CHINA 1 conducted by Fu and Gao [2016] in a subregion of northeast China. Long-period phase velocities from Love wave are needed to constrain the structure in the upper mantle.
Here we use the two-plane-wave method to extract the Love wave dispersion at long period from teleseismic earthquake. Phase velocity maps from 20 s to 125 s are constructed and used to develop a 3-D SH wave velocity model of the crust and upper mantle for the first time in northeast China. Our model images distinctive velocity anomalies across the region, providing new insight into the intraplate magmatic evolution.
Love Wave Dispersion Analysis
The transverse components of earthquake seismograms used here are recorded by the temporary northeast China Extended SeiSmic Array (NECESSArray) and the permanent China Digital Seismic Array (CDSA) in northeast China (Figure 1 ). We select 72 earthquakes with body wave magnitude greater than 5.5 and depth less than 200 km in an epicentral distance range of 20-150° (Figure 2a ). The azimuthal coverage is good except in the north since most of the earthquakes are located along the active seismic zones of the western Pacific. The Love wave data preparation for each station is very similar to that for Rayleigh wave described by Fu et al. [2010] . For each station, the horizontal component seismograms (N and E) are rotated to the radial (R) and transverse (T) directions after we add the information of events and remove instrument responses. Then the transverse component seismograms are band-pass filtered at 13 frequencies from 8 to 50 MHz ( Figure 3) . We calculate the envelope and correspondent time window for each filtered seismogram. The time window is applied to the filtered seismogram to isolate the fundamental Love wave train. The selection of high-quality seismograms involves visually checking the waveforms based on the criteria proposed by Li and Li [2015] . We discard bad data that show incoherent waveforms at nearby stations due to the strong interference from higher modes [Nettles and Dziewonski, 2011; Foster et al., 2014] and multiple surfacereflected SH waves. We also exclude events that produce less than 7 highquality seismograms. The number of good waveforms for dispersion measurements decreases with period due to the low signal-to-noise ratio at long periods.
We measure the phase velocity dispersion from the amplitudes and phases of Love wave by using the two-planewave (TPW) inversion technique . The advantage of this method is the ability of accounting for nonplanar energy in the incoming wavefield through a minimum number of model parameters. The TPW method for Love wave is slightly complicated than that for Rayleigh wave [Forsyth and Li, 2005] due to the difference of Love wave particle motion for the used two plane waves. The amplitude of each plane wave on the transverse component cannot be added directly as done for Rayleigh wave on the vertical component. Therefore, the transverse component is decomposed 
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into two perpendicular components in a local coordinate system for each event, which both contribute to the inversion for the incoming wavefieldand phase velocity. First, the plane wave model parameters (amplitude, initial phase, and propagation direction of each plane wave) are solved by using the simulated annealing method [Press et al., 1992] for each event. Then an iterative generalized linear inversion [Tarantola and Valette, 1982] is applied to solve for both the two plane parameters and phase velocities. The smoothing length of 80 km for the phase velocity is used to balance the model resolution and variance after several tests. A more detailed description of this method is outlined by Li and Li [2015] , and recent applications can be found in Fu et al. [2015] and Li et al. [2016] . The study region is gridded with 697 points. The grid interval space varies from 0.5°in the center to 0.75°at the edge.
Previous studies have shown that phase velocity varies with azimuth about 1% [Tanimoto and Anderson, 1984; Nishimura and Forsyth, 1989] . The azimuthal anisotropy of Rayleigh wave is dominated by the cos2φ Figure 4 . Examples of checkerboard resolution tests for Love wave phase velocity inversions. The magnitudes of the input anomalies are AE4%. The input model with the anomaly size of (a) 1.5°× 1.5°and corresponding recovered models at (c) 25, (e) 50, and (g) 100 s. The input model with the anomaly size of (b) 2.5°× 2.5°and corresponding recovered models at (d) 25, (f) 50, and (h) 100 s.
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and sin2φ (φ, the azimuth) terms and easily obtained when the number of crossing paths is relatively modest [Smith and Dahlen, 1973; Debayle and Kennett, 2000] . For Love wave, the azimuthal variation can be resolved with a much better path coverage since it depends on cos4φ and sin2φ [Tanimoto, 1986; Leveque et al., 1998 ]. The azimuthal dependence of Love wave is rather small, and the inclusion of azimuthal terms has little effects on phase velocity patterns [Montagner and Tanimoto, 1990] . Also, adding azimuthal anisotropy will triple the number of model parameters for phase velocities and make it difficult to constrain the parameters in the inversion. For these reasons, we perform isotropic inversions for Love wave phase velocities, in which azimuthal anisotropy is largely averaged out due to the large number of crossing raypaths (Figure 2 ).
We conduct checkerboard tests for phase velocity models with two different anomaly sizes (1.5°× 1.5°and 2.5°× 2.5°) to estimate the resolving power of the data and method (Figure 4 ). The input model is divided into cells with alternatively high and low velocities (Figures 4a and 4b ). The perturbation of the velocity relative to the average velocity of 4 km/s is AE4%. Synthetic amplitude and phase of Love wave are calculated based on the real geometry at 25, 50, and 100 s, respectively. The model with the large anomaly size can be recovered for the whole study area at all three periods (Figures 4d, 4f, and 4h ). For the model with the smaller anomaly size, the pattern of anomalies is recovered well in the interior of the study region at 25 s and 50 s (Figures 4c  and 4e ). The reconstructed image at 100 s (Figure 4g ) is basically correct in the center, and smearing exists at the edges particularly in the north of the area with low ray coverage. Our tests show that small-scale structure on the order of 1°or larger is resolvable in our model.
We adopt a two-step inversion for Love wave phase velocities. A reasonable average phase velocity in the area is obtained first before solving for 2-D phase velocity at each period. The average dispersion curve is well resolved with low standard deviation (0.003 km/s at 20 s to 0.011 km/s at 125 s) (Figure 8a ). Love wave phase velocities are generally larger than Rayleigh wave phase velocities obtained by Guo et al. [2016] by using the data from the same seismic network. We take these average phase velocities as initial values for the 2-D inversion. The resolution of phase velocity at each grid node is estimated based on the standard deviation of phase velocity calculated from the model covariance matrix. Figure 5 shows the contours of twice standard deviations for phase velocity anomaly at 125 s, which has the smallest number of raypaths but high-quality waveforms among all periods. A lower contour level indicates a higher resolution. The resolution is generally high in the interior of the study area due to dense stations and crossing raypaths while it becomes poor toward the edge. The distribution of stand errors at other period is similar, but the magnitude is smaller than that at 125 s. Based on the variation of standard errors at 125 s shown in Figure 5 , we only keep our results in the areas within the 2% error contour in the following sections.
We construct 2-D phase velocity maps from 25 to 125 s. The tomography maps of phase velocity perturbation at six periods (25, 50, 71, 91, 100, and 125 s) are shown in Figure 6 . Love wave phase velocity provides integrated information about velocity structure over a broad depth range (Figure 7a) . Therefore, the phase [2012] also found high velocity in the Songliao Basin by using reliable Rayleigh wave data from 20 s to 60 s. The velocity anomaly beneath Xing'an-Mongolia orogenic belt changes gradually from low to high with increasing period. Love wave phase velocity is most sensitive to horizontally polarized shear wave speed (V sh ), while Rayleigh wave phase velocity is mainly sensitive to vertically polarized shear wave speed (V sv ). At some periods, our Love wave results show different images from those by Guo et al. [2016] by using Rayleigh waves. For example, at 125 s, high velocity of Love wave is observed at the Halaha volcano region where Rayleigh wave velocity is low at 120 s. Such Rayleigh-Love discrepancy may be resulted from the variation of isotropic shear wave velocity with depth and/or the existence of radial anisotropy.
SH Wave Velocity Inversion
We invert the measured Love wave dispersion curves for the lithospheric SH wave velocity (V sh ) structure beneath the northeast China. This inversion is almost the same as for Rayleigh wave [Fu et al., 2010] . We only keep the shear velocity as the model parameter for each layer by scaling P wave velocity to shear wave velocity with a constant Poisson's ratio of 1.73. For this linearized inversion, a modified AK135 model [Kennett et al., 1995] is used as the starting model and the initial shear velocity values are extracted from the Rayleigh wave model of Guo et al. [2016] . In the inversion, three crustal layers are used and the depth to Moho is set as a constant based on a receiver function study [Tao et al., 2014] . The damp for the shear wave velocity is 0.05. We first invert the average phase velocities in northeast China for a 1-D average shear wave velocity model. This average 1-D model is then used as the starting model with different crustal thickness for the 1-D inversion at each grid point. The final 3-D model is formed by assembling all 1-D models.
The 1-D SH wave velocity model is determined by inverting the average phase velocities in the study area (Figure 8b ). It predicts the dispersion curve that fits the observations well (Figure 8a ). For comparison, we also invert the 1-D velocity of SV wave from the average Rayleigh wave phase velocity given by Guo et al. [2016] ( Figure 8 ). V SH is generally larger than V SV in the lower crust and uppermost mantle, implying the existence of 
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radial anisotropy in this area. The vertical resolution of this average model calculated from the model resolution matrix suggests that the resolving power of SH wave velocity decreases with depth ( Figure 7b ). Given the range of periods for Love wave used in this study (Figure 7a ) and the vertical resolution variation (Figure 7b ), SH wave speed is reliable to the depth of 120 km. Therefore, we focus on the velocity structure above 120 km in the following section. Figure 8b ) and Rayleigh wave (blue line in Figure 8b ). Figure 10a . The velocity anomaly is relative to the average shear wave velocity (red line) shown in Figure 8b . HV, AV, JV, and CV are the volcanoes as described in Figure 1 . Using the average shear wave velocity model as the initial model, we perform the same 1-D inversion at each grid point. The only difference of the initial model for each grid point is the crustal thickness, which is interpolated from the receiver function study of Tao et al. [2014] . Figure 9 displays the 1-D velocity model at three map points located in different tectonic units (Xing'an-Mongolia orogenic belt, Songliao Basin, and Changbai Mountain region). The 1-D models indicate various shear wave velocity structure beneath these tectonic terrains with different geologic history. The velocity of the lower crust and upper mantle at the point in the Changbai Mountain region (red line in Figure 9 ) is slower than those at the points in the Xing'an-Mongolia orogenic belt (blue line in Figure 9 ) and Songliao Basin (green line in Figure 9) . A fast lid of~40 km thick appears beneath the Moho at the Xing'an-Mongolia orogenic belt (blue line in Figure 9 ) and Songliao Basin (green line in Figure 9 ), respectively.
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Combining all the 1-D models at each grid point, we obtain a 3-D model of SH wave velocity in the crust and upper mantle in northeast China. Maps of the perturbation of shear wave velocity are shown in Figure 10 in seven layers from lower crust to 115 km. Figure 11 presents five vertical cross sections with locations indicated on the map in Figure 10a . The prominent low-velocity anomaly with NE-SW orientation appears in most of the Songliao Basin in the upper and middle crust (Figures 10a and 10b , 11a and 11b, and 11i and 11j). Guo et al.
[2015] also observed a low velocity of SV wave to the depth of 15 km in the Songliao Basin from ambient noise tomography. However, the area is characterized by high velocity from lower crust to the depth of 75 km (Figures 10c-10e , 11a and 11b, and 11i and 11j). This observation is consistent with the high velocity of SV wave from Rayleigh wave data by Li et al. [2012] and Guo et al. [2016] . At the depth of 75-115 km, this high-velocity zone becomes two patches in the south and north separated by a narrow low-velocity conduit (Figures 10f and  10g and 11a and 11b ). In contrast, P and S wave models [Li et al., 2006; Tang et al., 2014] and SV wave model [Guo et al., 2016] found a high velocity extending down to the depth of 200 km beneath the Songliao Basin.
In the Xing'an-Mongolia orogenic belt, the velocity pattern is similar to that in the Songliao Basin. The Xing'an-Mongolia orogenic belt is largely fast in the lower crust and upper mantle except at the volcanoes (Halaha volcano and Abaga volcano) (Figures 10c-10g and 11e and 11f ). Low velocities are continuous in the crust at the Halaha volcano, which is underlain by a high-velocity anomaly in the upper mantle (Figures 10, 11a and 11b, and 11i and 11j) . This observation is different from a slow V SV observed by Guo et al. [2016] . Negative velocity anomaly appears beneath the Abaga volcano from the lower crust to 115 km (Figures 10c-10g and 11d-11f ), largely consistent with the V SV model [Guo et al., 2016] .
The Changbai Mountain (Changbaishan volcano and Jingpohu volcano) is mainly dominated by significantly low velocity from the lower crust to the depth of 115 km (Figures 10c-10g , 11a-11d, and 11g and 11h), consistent with the V SV models by Li et al. [2012] and Guo et al. [2016] . This prominent low velocity in the upper mantle was also observed in the P and S wave models [Li et al., 2006; Zhao et al., 2009; Tang et al., 2014] .
5. Discussion 5.1. Intraplate Volcanoes (Halaha Volcano, Abaga Volcano, Jingpohu Volcano, and Changbaishan Volcano)
Halaha volcano, Abaga volcano, Jingpohu volcano, and Changbaishan volcano are the Cenozoic intraplate volcanoes in northeast China. They have erupted many times in the historical time [Simkin and Siebert, 1994; Wang et al., 2006] . Low velocities in the crust and upper mantle were observed beneath these volcanoes in previous tomographic studies [ Lei and Zhao, 2005; Zhao et al., 2009; Guo et al., 2015] . Magnetotelluric exploration revealed high electrical conductivity in the crust beneath the Changbaishan volcano [Tang et al., 2001] . We also image significant low velocities beneath 55 km under the three volcanoes (Abaga volcano (AV), Jingpohu volcano (JV), and Changbaishan volcano (CV)) in the south and east of the area. However, the velocity under the Halaha volcano in the north of the Xing'an-Mongolia orogenic belt is relatively fast from the lower crust to the shallow upper mantle, different from that beneath the other volcanoes.
Mantle upwelling has been proposed to explain the slow upper mantle beneath the Changbaishan volcano. The mechanism of the upwelling remains debatable. Zhao et al. [2009] attributed the upwelling to a wet mantle above the stagnant Pacific slab, while Tang et al. [2014] suggested a subduction-induced upwelling through a gap in the subducted slab. Our model has a depth limitation to 115 km and is unable to distinguish et al. [2016] under the Halaha volcano could be explained by radial anisotropy with horizontal alignment of the lower crust material and strong shear in the mantle lithosphere, against the model of mantle upwelling. A low V SV could be caused by a hot temperature and reflects a weak lithosphere, which is easily deformed by large-scale horizontal flow.
The Songliao Basin
The Songliao Basin is the largest NNE trending basins in northeast China that has experienced significant lithospheric thinning and extension since the Mesozoic [Faure and Natlin, 1992; Ren et al., 2002] . Episodic rifting and intense volcanism occurred in the Songliao Basin at the early stage [Wang et al., 2002] . How the extension occurred and how much lithosphere is thinned in the basin are still not well known. Our V SH model in the Songliao Basin shows that a fast lid with the thickness of~40 km appears beneath the Moho, and a weak, low-velocity zone lies beneath the lid (Figures 11a and 11i) , consistent with the V SV model from Li et al. [2012] . The lithosphere thinning in the Songliao Basin is also supported by S receiver function images that indicate a lithospheric thickness of 80-100 km [Zhang et al., 2014] . The thin lithosphere could have resulted from lithosphere extension during the basin development [Zhang et al., 2011] . High V SH in the lower crust could be caused by radial anisotropy with subhorizontal alignment of materials and sills of melt intrusion by lithosphere extension. The comparison between the average V SH and V SV model does suggest strong positive radial anisotropy in the lower crust and uppermost mantle (Figure 8 ).
The fast lithosphere under the basin could be due to relatively cold temperature and the lack of partial melt compared with the slow velocity in the Changbai Mountain. At the depth of 75-115 km, the slow V SH in the central Songliao Basin that connects to the slow V SH beneath the Changbaishan volcano may indicate vertical flow of hot and buoyant materials. The two fast anomalies in the northern and southern Songliao Basin are separated by this slow anomaly and probably associated with mantle downwelling. This is consistent with but slightly different from the hypothesis proposed by Guo et al. [2016] . They suggested that mantle downwelling beneath the Songliao Basin is induced by the upwelling beneath the Changbaishan volcano. Our model suggests a more complex small-scale convection under the Songliao Basin than simple uniform downwelling.
Conclusions
An isotropic V SH model of the crust and upper mantle is constructed in northeast China from Love wave tomography. Strong low-velocity anomalies in the upper mantle appear at the Changbai Mountain, reflecting mantle upwelling that is associated with the subduction of Pacific plate. The lithosphere beneath the Songliao Basin is described by a fast layer of~40 km beneath the Moho, which has been thinned due to continental rifting that formed the basin. The mantle of Songliao Basin is characterized by two fast anomalies in the north and south that are separated by a slow anomaly in the middle, implying complex mantle flow with downwelling and upwelling. The Xing'an-Mongolia orogenic belt is generally fast in the upper mantle except at the Abaga volcano. The Halaha volcano is underlain by low velocity in the shallow crust and midcrust but high velocity in the lower crust and upper mantle, indicating the lack of strong mantle source at the current time. The significant velocity variations in the upper mantle across northeast China suggest a complicated small-scale convection pattern that is probably triggered by subduction related upwelling beneath the Changbaishan volcano.
